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Magnetic and lattice excitations in the quantum antiferromagnet (C4H12N2)Cu2Cl6 (a.k.a PHCC)
are studied across two pressure-induced phase transition at Pc = 4.3 kbar and P1 = 13.4 kbar using
Raman spectroscopy. It is confirmed that neither transition is a result of a structural transforma-
tion. Magnetic scattering is detected. It shows a pronounced pressure dependence and undergoes
substantial changes at both transitions. The results are in clear contradiction with previous neutron
studies, which detected only minor changes of the magnon spectrum at P1. A number of phonons
show anomalous frequency shifts at low temperatures. This effect is pressure dependent and for
two of the observed phonons dramatically reverses sign at around P1. The anomalous behavior is
attributed to strong magneto-elastic coupling in PHCC.
I. INTRODUCTION
Quantum magnets are models of choice for study-
ing the complex physics of quantum phase transitions.1
In such materials, quantum criticality can often be in-
duced by an external magnetic field, as for example
in the so-called “Bose-Einstein condensation (BEC) of
magnons”2–4 Another way to potentially drive these sys-
tems towards criticality is by applying external pressure
and thereby tweaking the strength of magnetic interac-
tions. In quantum paramagnets, i.e., spin systems with a
quantum disordered spin-singlet ground state and a gap
in the magnetic excitation spectrum, this type of per-
turbation may in rare cases lead to a complete softening
of the spin gap. The result is a unique magnetic soft-
mode quantum phase transition to a long range ordered
state that breaks the SO(3) symmetry of the underlying
Heisenberg Hamiltonian.1 The dynamical critical expo-
nent of such a transition is z = 1, in contrast to z = 2 in
field-induced BEC .
Unfortunately, only a handful of real materials un-
dergo pressure-induced magnetic quantum phase transi-
tions of the described type. To date, only three examples
are known: TlCuCl3
5,6, KCuCl3
7 and (C4H12N2)Cu2Cl6
(PHCC). In the latter, pressure-induced ordering was
first detected by µ-SR at Pc = 4.3 kbar.
8 Inelastic neu-
tron scattering studies confirmed the transition to be of a
soft-mode nature.9,10 A second transition was detected in
PHCC by µ-SR at a higher pressure of P1 ∼ 13.4 kbar.8 It
clearly corresponds to a rather drastic change in the mag-
netic structure, and is possibly a Lifshitz (commensurate
to incommensurate) transition. Surprisingly though, in-
elastic neutron scattering experiments10 did not detect
any drastic changes in the excitation spectrum of PHCC
upon crossing P1. This mystery remains unresolved to
date. Also unknown is to what extent the crystal lat-
tice and phonons are involved, if at all, in either of the
two transitions. The very limited high pressure neu-
tron diffraction data available10 are a byproduct of ded-
icated spectroscopy studies, and are not conclusive on
whether the transitions are accompanied by any crystal-
lographic transformations. All these issues we address
in the present study by means of high pressure Raman
spectroscopy.
PHCC is an extensively studied and well under-
stood quantum paramagnet with a spin gap ∆ =
1.0 meV.11–13 The crystal structure is triclinic,
space group P1¯, with lattice parameters a=7.984(4),
b=7.054(4), c=6.104(3) A˚, α = 111.23(8)◦, β =
99.95(9)◦, and γ = 81.26(7)◦.14 The magnon dispersion
relation is known from neutron experiments,11 with the
magnon band extending between ∆ and 2.7 meV. The
topology of magnetic interactions between the S = 1/2
Cu2+ ions is believed to be rather complicated. The ex-
change constants are not known, but some conclusions
can be drawn from an analysis of magnetic bond ener-
gies.11 According to the latter, the three most impor-
tant interactions roughly lie in the (a, c) crystallographic
plane and are schematically shown in Fig.1. To some
degree the system can be viewed as composed of an-
tiferromagnetic dimers defined by the nearest neighbor
exchange J1. However, bond energies associated with
a frustrated 2nd-nearest neighbor coupling J2 and the
6th-nearest neighbor antiferromagnetic bond J6 are only
slightly, if at all, smaller. There is evidence that it is the
bond J1 that is most affected by the application of hy-
drostatic pressure.10 With increasing pressure this cou-
pling becomes progressively weaker, more than halving
at 9 kbar.
II. EXPERIMENTAL DETAILS
In the present study, we utilized fully deuterated
PHCC single crystals from the same growth batch as in
Ref. 15. The samples were typically 0.2 × 0.1 × 0.1 mm3
in size. In all cases the studied surface contained a well-
defined c-axis, as verified by single crystal X-ray diffrac-
tion. Note that the strongest dimer bond is almost paral-
lel to that direction. The Raman experiments were per-
formed using a Trivista 557 triple-grating spectrometer
and a liquid nitrogen cooled CCD detector. A 660 nm
solid state laser at a low power of 3 mW was used in order
to limit sample heating. To achieve high stray light rejec-
tion as well as resolution, 1800/1800/1800 l/mm gratings
were used. Sample environment was a He-flow cryostat
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FIG. 1. (Color online)A sketch of the crystal structure of
PHCC, showing the three principal magnetic exchange inter-
actions according to Ref. 11.
with a base temperature of 2.6 K. Measurements were
carried out in a backscattering geometry using a focusing
microscope. The data were taken in several acquisitions
which allowed increasing the signal to noise ratio and ex-
cluding spurious events primarily due to cosmic muons.
For each spectrum, the total counting time was of the or-
der of one hour. The polarization of incident light could
be rotated using a λ/2 plate. The polarization of scat-
tered light was analyzed with a linear polarizer used in
combination with a λ/4 plate.
We define the polarization directions as X=(001),
Y=(11¯0) with the momentum along Z=(110). With re-
spect to the dominant magnetic couplings, these axes
form following angles: J1: X–23
◦, Y–67◦; J2: X–24◦,
Y–67◦; and J6: X–90◦, Y–45◦, respectively. A configura-
tion in which both incident and outgoing polarization are
aligned along the crystallographic c-axis is thus denoted
in the Porto notation as Z¯(XX)Z. Z¯(YY)Z indicates that
both polarizations are transverse to the direction of the
c-axis and Z¯(XY)Z denotes a cross polarization geometry.
High pressure measurements were done in a minia-
ture opposing plates diamond anvil cell with a BeCu
gasket and backing plates based on the design of Ref.
16. The cell utilized diamonds with a culet diame-
ter of 1 mm and a gasket hole with diameter 0.6 mm.
The pressure-transmitting medium was Daphne Oil 7373.
The maximum pressure attained at base temperature was
18.2 kbar. The applied pressure was measured in situ
with a precision of 0.1 kbar, using the shift of the ruby R1
fluorescence line.17 The pressure homogeneity across the
cell was about 1 kbar, as estimated from measurements
on several ruby spheres at different positions within the
cell.
III. RESULTS
A. Ambient pressure
1. Magnetic scattering
At elevated temperatures, the measured Raman spec-
tra are dominated by phonons. Below about 25 K, a
broad continuum of excitations develops at low energies
as shown in Fig. 2. This continuum is well separated
from any phonons, which allows for a clean observation
of its pressure-dependence without the necessity to sub-
tract any lattice contributions. At T = 2.6 K the contin-
uum is peaked at 24.62(2) cm−1 and has a full width at
half maximum of 6.02(8) cm−1 as extracted from empir-
ical Lorentzian fits. It is almost symmetric with a very
slight tail extending towards higher energies. Its inten-
sity increases with decreasing temperature, although its
position remains largely unchanged. This is a strong in-
dication that the low-energy feature is due to magnetic
scattering.18–20
Another confirmation comes from analyzing its energy
range. Magnetic Raman scattering in quantum param-
agnets is expected to originate primarily from 2-magnon
processes.19,21 A broad continuum is indicative of a sub-
stantial magnon bandwidth. For gapped quantum an-
tiferromagnets such a continuum is confined in the en-
ergy range between 2∆ and twice the maximum magnon
energy. For PHCC, using the single magnon dispersion
known from neutron studies,11 we can etimate the do-
main of this 2-magnon continuum to be between 16 cm−1
and 45 cm−1. This range is indicated by the shading in
Figs. 2 and 3, and indeed coincides with the domain of
the observed continuum.
The magnetic nature of the continuum is also consis-
tent with the observed polarization dependence of scat-
tering. As shown in Fig. 3, the shape and position of
the continuum is the same in all experimental configura-
tions. However, its intensity is strongest in the Z¯(XX)Z
geometry and much suppressed in the Z¯(YY)Z geome-
try. Thus, the signal is strongest for polarization along
the two strongest magnetic bonds, similar to two-magnon
scattering in other known dimer systems.19,22
2. Anomalous phonons
In the energy range 10-205 cm−1 that was studied in
detail in our experiments, eleven strong phonon peaks
were observed. Since the crystal is triclinic with space
group P1¯, point group Ci, all Raman active phonons
have trivial Ag symmetry. From the measured spectra,
the phonon frequencies were obtained in Lorentian fits.
As shown in Fig. 4, several of them exhibit anomalous
temperature dependencies. Rather significant frequency
shifts occur at very low temperatures, below 20 K. In this
regime, two of the observed modes actually harden with
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FIG. 2. (Color online) Measured temperature dependence of
the Stokes Raman scattering spectra in PHCC in Z¯(XX)Z po-
larization at ambient pressure. Individual spectra are shown
with incremental offsets for clarity. The arrows indicate the
peak position of magnetic scattering.
increasing temperature.
In a bid to identify the eigenvectors of the anomalous
phonons we performed DFT ab initio calculations using
the Quantum Espresso software package23. The non-
local rVV10 functional24 was used to incorporate Van
der Waals and hydrogen bonding effects which are cer-
tainly important in this organomatallic compound. For
all calculations the projector augmented wave method
was used. Pseudopotentials for the density functional
suggested in Ref.25 were generated using input param-
eters from the PSLibrary project (pslibrary.0.3.1).26 In
all calculations the kinetic energy cutoff was 120 Ry and
the charge density cutoff 600 Ry. Brillouin zone integra-
tion was performed using a 3x3x3 k-point grid. For the
measured part of the phonon spectrum the observed and
calculated frequencies are listed in incremental order in
the first two columns of Table 1. Additionally, measured
and calculated phonon frequencies in a fully deuterated
PHCC sample (last two columms in Table 1).
For the sixteen lowest-energy Raman-active modes the
observed and calculated frequencies are listed in incre-
mental order in the first two columns of Table 1. Addi-
tionally, measured and calculated phonon frequencies of
a protonated sample are shown in the last two columms.
The first fifteen modes listed correspond to displacement
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FIG. 3. Symbols: Measured polarization dependence of the
Stokes Raman scattering spectra in PHCC at base tempera-
ture at 1.3 kbar. The shaded area is as in Fig. 2. Lines are
empirical Lorentzian fits.
(C4D12N2)Cu2Cl6 (C4H12N2)Cu2Cl6
Exp.(cm−1) DFT(cm−1) Exp.(cm−1) DFT(cm−1)
54.41(3) 49.17 57.01(2) 51.92
76.93(4) 73.94 77.10(2) 74.56
88.26(4) 75.77 91.46(3) 77.92
96.40(3) 84.83 103.88(3) 87.77
109.84(2) 93.09 112.46(1) 98.51
116.74(1) 105.44 124.57(2) 112.71
137.68(1) 117.23 139.40(1) 120.41
143.22(2) 125.73 149.47(1) 129.51
149.02(1) 136.99 152.84(1) 140.43
162.74(1) 147.52 164.83(1) 151.44
182.34(3) 159.49 184.71(2) 159.52
206.14(1) 181.03 207.02(1) 184.00
278.19(2) 257.56 278.25(2) 257.60
290(2) 275.26 290(2) 275.37
305.32(3) 302.43 304.72(3) 302.53
319.85(2) 304.72 406.14(4) 386.90
TABLE I. Comparison of calculated and measured phonon
energies for (C4D12N2)Cu2Cl6 and (C4H12N2)Cu2Cl6 for the
lowest vibrational modes in ascending order.
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FIG. 4. (color online) Relative frequency shifts of three representative anomalous phonons in PHCC vs. temperature at ambient
pressure, just below the second transition and above the transition, as deduced from Lorenzian fits to the measured spectra.
The detector bin sizes (instrumental resolution) are shown in the upper right corners of each plot. Note that since each phonon
peak is several detector bins wide, postulating its Lorentzian shape allows to determine the peak position with an accuracy
greater than the bin size. Lines are guides to the eye.
patterns involving both the [Cu2Cl6]
2− bitetrahedra as
well as the organic ions. By contrast, the last mode listed
in Table 1 – as well as all higher-energy modes – corre-
spond to internal molecular modes of the piperazinium
ion. Consequently this last mode shows a much larger
shift in frequency upon H/D exchange.
A conclusive result of our DFT simulations is that the
10-205 cm−1 low-energy lines that were studied in detail,
all correspond to vibrations of the [Cu2Cl6]
2− bitetrahe-
dra with admixtures of low energy vibrations of the piper-
azinium ions. This explains why almost all low-frequency
vibrations are subject to substantial H/D isotope effect.
At the same time it greatly complicates the vibrational
landscape and makes the frequencies very sensitive to
the difficult to account for Van-der-Waals interactions.
Therefore, it appears impossible to unambiguously match
the observed anomalous phonon lines to particular calcu-
lated ones. Few studies of [Cu2Cl6]
2− vibrations in other
materials have been reported to date. In a recent work,27
the authors also met considerable difficulties in assigning
the low-frequency peaks to particular modes, as in our
case.
B. Results under applied pressure
1. Magnetic excitations
As could be expected, magnetic Raman excitations in
PHCC are strongly affected by hydrostatic pressure. As
shown in Figure 5, we observe a shift of the magnetic
continuum to lower energies already at rather modest
pressures. This is fully consistent with the previously
observed softening of the spin gap.9 Below Pc ∼ 4 kbar,
the spectral function retains its symmetric shape with
a slight tail towards higher energies. Throughout this
pressure range the continuum width and shape remain
constant, while it shifts to lower energies as a whole
(Fig. 5). As also shown in Figure 5 the spectrum is merely
shifted to lower energies. In the intermediate-pressure
range between Pc and P1 ∼ 13 kbar, we additionally ob-
serve a progressive change in the shape of the scattering.
Whereas in the low-pressure range the asymmetry of the
magnetic peak was subtle, the high-energy tail becomes
considerably more pronounced at higher pressure. In-
creasing the pressure above ∼ P1 results in a further sig-
nificant change in the shape of the spectrum. The mag-
netic scattering peak becomes rounded and overdamped,
with no clear maximum. Increasing the pressure further
the spectrum continues to be broadened and develops a
long high-energy tail.
Unlike in simple spin systems such as spin ladders,28,29
in a material with magnetic interactions as complex as
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FIG. 5. (color online) Stokes Raman scattering spectra mea-
sured in PHCC at T = 2.6 K in Z¯(XX)Z polarization, normal-
ized to the peak intensity of the phonon with ω0=88.5 cm
−1.
Individual spectra are shown with incremental offsets for clar-
ity. The solid lines are guides for the eye obtained in empir-
ical Lorentzian (0–12 kbar and 18.2 kbar) or Gaussian (13–
16 kbar) fits to the continuum contribution.
they are in PHCC a quantitative analysis of the Raman
spectrum does not appear feasible. To date there ex-
ist no model calculations of even the single-magnon dis-
persion in PHCC, let alone the Raman spectrum. As
previously mentioned, even describing the ground state
in terms of J1-dimers is only approximate, since inter-
dimer coupling is almost as strong. Instead, we chose a
model-independent way to quantify the measured spec-
tra. In Figure 6 we plot the positions of the maximum
of magnetic scattering, and frequencies where the inten-
sity reaches half of its maximum value. The color map in
the background represents the measured Raman intensity
relative to its maximum value at each pressure.
2. Phonons
Tracking the measured phonon frequencies vs. pres-
sure confirms that the two transitions at Pc and P1 are
not associated with any crystallographic transformations.
Indeed, as shown in Fig. 7, all phonons observed at base
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FIG. 6. (Color online) Peak position and half-maximum fre-
quencies of continuum magnetic scattering as extracted from
Stokes spectra at T = 2.6 K in Z¯(XX)Z polarization.
temperature show a smooth and almost linear pressure
dependence (hardening). Neither a disappearing, nor a
splitting, nor an appearance of new phonon lines was de-
tected up to 18.2 kbar applied pressure.
Despite the monotonic pressure dependence at a fixed
low temperature, most of the observed phonons show a
remarkable pressure-induced evolution of their tempera-
ture dependencies. As shown in Fig. 4, the magnitude of
the low-temperature frequency shifts is highly pressure
dependent. For the two phonons that harden with in-
creasing temperature at ambient pressure, even the sign
of the temperature shift reverses under pressure. This re-
versal occurs between 11.7 and 15 kbar, and thus seem-
ingly coincides with P1.
IV. DISCUSSION
As argued above, the magnetic scattering continuum
can be ascribed to scattering from two-magnon processes
that span between twice the energy gap and twice the
maximum of magnon dispersion. Within this interpre-
tation, the observed evolution of the spectrum below Pc
implies a progressive softening of the gap without much
change in the magnon bandwidth, in agreement with the
neutron results. The only other comparable high pres-
sure Raman study of a quantum paramagnet that we are
aware of is that on KCuCl3.
30 Unfortunately, the much
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FIG. 7. Pressure dependence of the phonon frequencies mea-
sured in PHCC at T = 2.6 K. Lines are guides to the eye.
broader resolution, stronger elastic line and lower signal
to noise ration of the spectra reported in that work make
a direct comparison to our data difficult.
What in our optical measurements on PHCC is clearly
in contradiction with the previous neutron experiments
of Ref. 10 are the observed steady increase of the magnon
bandwidth above about 10 kbar, as deduced from the be-
havior of the upper continuum half-height frequency, and
the clear changes of the shape of the scattering across the
transition at P1. In contrast, inelastic neutron scattering
detected only insignificant changes in spin dynamics be-
tween 9 kbar and 18 kbar. Even those were only revealed
in a quantitative fit to the measured neutron spectra, par-
ticularly to neutron intensities. The most likely reason
for this discrepancy is an incorrect pressure calibration
in the neutron study. As only became apparent through
recent experience with the pressure cell used in the neu-
tron experiment,31 the actual pressure can drop by as
much as a third, compared to nominal, upon cooling the
cell down to base temperature. This effect was not taken
into account in Ref. 10. Unfortunately its magnitude for
that particular experiment can not be assessed without
additional in-situ pressure measurements using the same
sample as in the original study. It appears likely though,
that the nominally 18 kbar neutron data set actually cor-
responds to a pressure just below P1. Note that in the
present optical study the pressure is known reliably, as it
is measured in situ at the experimental temperature. We
thus confirm that the transition at P1 is, indeed, accom-
panied by a substantial change in spin excitations and a
rapid increase of the excitation bandwidth.
We can expect a direct connection between the evo-
lution of the magnetic ground state and the behavior
of anomalous phonons. First, note that the anomalous
phonon behavior occurs below about 20 K. In most con-
ventional materials, phonon frequencies remain constant
at such low temperatures. The only energy scale in
PHCC that would be consistent with the low tempera-
ture range is that of magnetic exchange interactions. Be-
low 20 K is precisely where short-range spin correlations
set in. For the strongest bonds, the typical exchange
energy in PHCC is about 1 meV,11 which is larger but
comparable to the observed anomalous frequency shifts
(about 0.15 meV for the ω0 = 181.34(3) cm
−1 mode).
With a high degree of certainty the anomalous behaviour
can therefore be attributed to magneto-elastic coupling.
The pressure dependence of anomalous frequency shifts
signifies a strong pressure dependence of the local spin
correlations in the system. A phase transition to a qual-
itatively different magnetic structure that we expect to
occur at P1 will thus have a particularly strong effect. We
can speculate that it may be responsible for the observed
sign reversals of two anomalous frequency shifts. Unfor-
tunately, a more concrete discussion of the microscopic
mechanism would require an unambiguous identification
of the the eigenvectors for the anomalous modes, which
is presently lacking.
V. CONCLUSION
Neither of the pressure-induced magnetic transitions
in PHCC involve crystallographic transformations. The
transition at Pc is associated with a progressive softening
of the magnon gap with little change of bandwidth. Con-
trary to previous indications, the transition at P1 leads to
a substantial reorganization of the spin excitation spec-
trum. The corresponding change of the magnetic ground
state has a dramatic impact on the temperature depen-
dencies of certain phonon modes. It appears that a fur-
ther neutron scattering study of the high pressure phase
may bring further insight into its origin.
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